β-catenin/Armadillo are transcriptional co-activators that mediate Wnt signalling in normal development. Activated forms of β-catenin are oncogenic. We have constructed mutant forms of Drosophila Armadillo which correspond to common human oncogenic mutations, and find them to activate Armadillo constitutively. When expressed in the Drosophila eye, these eventually induce apoptosis in all cell types. Intriguingly, cells in the eye are resistant to the effects of activated Armadillo for a long period prior to the onset of cell death at the mid-pupal stage. This latency is conferred by EGF receptor (EGFR)/MAP kinase signalling, which prevents activated Armadillo from inducing apoptosis; when EGFR signalling naturally ceases, the cells rapidly die. Nemo, the Drosophila homologue of NLK in mice and LIT-1 in Caenorhabditis elegans, does not antagonize activated Armadillo, suggesting that the Nemo-like MAP kinases may not generally interact with Armadillo/β-catenin. Thus, our results show that activated Armadillo is subject to a specific negative control by EGFR/Rolled MAP kinase signalling.
INTRODUCTION
β-catenin and its Drosophila homologue Armadillo have two distinct functions during development. Membrane-associated β-catenin/Armadillo is a constituent of E-cadherin junctions, which mediate cellular adhesion, while free β-catenin/Armadillo effects the nuclear response to Wnt signalling. In normal cells, free cytoplasmic β-catenin/Armadillo is destabilized by the Axin complex, which also contains glycogen synthase kinase 3β (GSK3) and the tumour suppressor Adenomatous polyposis coli (APC). Wnt stimulation inhibits this complex, thus allowing the stabilization of β-catenin/Armadillo and its accumulation in the nucleus where it serves as a transcriptional co-activator of TCF (T-cell factor). Mutations of the putative GSK3 phosphorylation sites within the N-terminus of β-catenin which stabilize this protein have been found in many different human cancers (Polakis, 2000) .
Stabilization of β-catenin/Armadillo also results from mutational loss of APC during normal development (Ahmed et al., 1998; McCartney et al., 1999; Yu et al., 1999) or in human cancers (Morin et al., 1997) . Loss of APC is found in ∼85% of all colorectal cancers, and is known to be an early event in tumorigenesis (Kinzler and Vogelstein, 1996) . Direct experimental evidence shows that stabilized forms of β-catenin cause tumours in the mouse intestine and skin (Gat et al., 1998; Harada et al., 1999) . The earliest manifestation of these tumours in the intestine is an abnormal tissue architecture (i.e. an outpocketing of the epithelium); however, at these first stages of tumorigenesis, cell proliferation is normal (Oshima et al., 1997; Harada et al., 1999) .
Drosophila provides a powerful genetic system for analysing the function of proteins and for identifying interacting proteins. We have, therefore, constructed mutant forms of Armadillo that are equivalent to common oncogenic mutations in human β-catenin. We examined whether these changes are able to activate Armadillo by examining their effects on Drosophila eye development. Ectopic expression of this activated Armadillo leads ultimately to the apoptosis of all cell types in the eye. This is consistent with the previous discovery that dAPC mutation affects neuronal cell differentiation, causing photoreceptor death (Ahmed et al., 1998) . Intriguingly, we find that cells only become vulnerable to activated Armadillo in the pupal retina, at a time when EGFR signalling ceases. Our results show that EGFR scientific reports and MAP kinase signalling protect epithelial cells from responding to activated Armadillo.
RESULTS
Activated Armadillo causes late onset of apoptosis in the pupal eye disc
We introduced two of the most common oncogenic point mutations of human β-catenin (Polakis, 2000) into Armadillo (S56F and S44Y; Figure 1A ) and expressed these mutant Armadillo genes in Drosophila directly from an eye-specific enhancer. These transformants had severely disrupted eyes which are rough and glazed, and often substantially smaller than wild-type eyes ( Figure 1B and C). There was no discernible quantitative or qualitative difference between the eyes from Y or F transformants. We shall thus refer to both types of mutated Armadillo collectively as Arm*.
To examine the basis for the rough eye phenotype, we stained larval eye discs from moderate Y and F lines with antibodies against Elav, a neuronal marker, and against Cut, a marker for the non-neuronal cone cells (Blochlinger et al., 1990) . To our surprise, we found that the larval discs of these Arm* lines are completely normal in every respect (Figures 1D and E, and 2B) , despite expressing increased levels of Armadillo (not shown). Thus, we examined pupal eye discs with cobalt sulfide staining. This revealed that the early pupal discs were also completely normal. Prior to ∼30 h post-pupariation, they are indistinguishable from wild type. However, ∼30-36 h into pupal development, we begin to see a loss of cells and general breakdown of the retinal morphology ( Figure 1F and G). All cell types (neuronal, cone and pigment cells) are affected. Later in pupal development, the retina largely disintegrates.
This phenotype had the hallmarks of cell death. We performed TUNEL staining of pupal discs and found large numbers of apoptotic cells throughout the retina of 40-48 h-old pupal discs from Arm* transformants ( Figure 2D ) compared with low numbers of TUNEL-positive cells in control discs at this stage ( Figure 2C ; note that most of the TUNEL-positive cells in wild-type retinas are at the margin). Earlier pupal and larval discs from the same lines have very few TUNEL-positive cells ( Figure 2B , compare with A; and not shown). Activated Armadillo, expressed throughout ommatidial development, therefore induces onset of apoptosis in the pupal eye disc, ∼3-4 days after its expression is initiated (Figure 3) .
We also expressed with GMR.Gal4 a constitutively active form of Armadillo called S10 in which the putative GSK3 phosphorylation sites and flanking residues are deleted (Pai et al., 1997) . The mutant phenotypes caused by this misexpression were indistinguishable from those due to Arm*, both in pupal and adult eyes. This confirms that the human oncogenic β-catenin mutations are sufficient to constitutively activate Drosophila Armadillo. Finally, we similarly expressed dTCF, the transcription factor activated by Armadillo, and found this to cause essentially the same eye defects, although they were less severe. In other words, the larval and early pupal discs were completely normal, but the 40-48-h-old pupal discs showed extensive disruptions. This suggests that the disruptive effects of activated Armadillo are mediated by dTCF.
Activated Armadillo is antagonized by EGFR signalling
We crossed representatives of weak, moderate and severe Arm* lines with dTCF mutants to halve the dTCF gene dosage. The eyes of these flies were much more normal, exhibiting only a mild roughening ( Figure 4A and B). This suppression strongly supports the notion that the disruptive activity of Arm* is mediated by dTCF. We also examined the same lines in a genetic background heterozygous for armadillo (Table I ). The eyes of these flies were indistinguishable from their controls, indicating that the S56F and S44Y mutations result in a fully activated form of Armadillo whose disruptive activity does not depend on endogenous Armadillo. We asked whether the prolonged resistance of cells in the eye to excess Arm* was due to antagonism by another signal. To identify this putative protective signal, we tested a number of genes with known roles in eye development or developmental signalling for their ability to interact genetically with Arm*. In most cases, heterozygosity for these genes did not modify the Arm* mutant phenotype ( Table I ), suggesting that their corresponding pathways do not affect the activity of Arm* in the developing eye. However, there was one exception: we found that the rough eyes due to Arm* were consistently modified by mutations in the EGFR signalling pathway. For example, halving the dose of EGFR itself ( Figure 4C ), or of its effector Dras1, strongly enhanced the Arm* phenotype. Conversely, halving Argos, an extracellular inhibitor of EGFR (Schweitzer et al., 1995) , suppressed this phenotype ( Figure 4D ). Generally, mutation of positively acting EGFR pathway components enhances the rough eye phenotype due to Arm*, while mutation of negatively acting components suppresses it (Table I) . We, therefore, conclude that the EGFR signalling specifically antagonizes the activity of the activated Armadillo in the eye.
Larval and early pupal eye discs experience multiple waves of EGFR signalling which trigger the recruitment of cells to various fates (Freeman, 1996 (Freeman, , 1997 . These waves abate in the pupal disc, during a period that coincides roughly with the period in which the disruptive effects of Arm* are observed. We surmised that the cessation of EGFR signalling may cause the sharp onset of the disruptive effects of Arm*. If so, prolonged EGFR signalling might delay this onset, thereby suppressing the rough eye phenotype caused by Arm*. This was tested by co-expressing Arm* with either an activated form of the receptor itself (Tor D EGFR; Reichman-Fried et al., 1994) or with Rhomboid, a protein responsible for EGFR activation. Tor D EGFR overexpression suppressed the Arm* phenotype in the adult eye considerably ( Figure 5A and B) . Likewise, in TUNEL-stained pupal discs ( Figure 5C and D), we found that Tor D EGFR suppressed the rate scientific reports of apoptosis due to Arm* on average by a factor of three (ranging from 1.5× to 5.3× in four different experiments). Rhomboid overexpression also suppressed the Arm* rough eye phenotype, but to a lesser extent than the activated receptor (not shown). Evidently, sustained EGFR stimulation extends the protection against the disruptive effects of Arm*. Furthermore, our evidence suggests that wild-type levels of EGFR signalling prevent cells from responding to activated Armadillo throughout larval and early pupal stages of eye development. It has recently been reported that the Nemo-like MAP kinase LIT-1 in Caenorhabditis elegans downregulates the TCF homologue POP-1 during cell polarization in the early embryo (Meneghini et al., 1999) . Furthermore, mouse Nemo-like kinase (NLK) antagonizes TCF/β-catenin by apparently obliterating their binding to DNA . In Drosophila, the only Nemo-like MAP kinase is encoded by nemo, a non-essential gene whose only reported function is in the control of ommatidial rotation in the eye (Choi and Benzer, 1994; Zheng et al., 1995) . However, despite the fact that Nemo is expressed and functions in the larval eye disc, nemo heterozygosity does not modify the rough eye phenotype caused by Arm* (Table I) . Furthermore, there is no increase in larval cell death when Arm* is expressed in the complete absence of Nemo (also see Supplementary data available at EMBO reports Online). Thus, our results imply that Nemo has no protective or antagonistic effect on Arm* signalling in the Drosophila eye disc.
DISCUSSION
We have shown that the Drosophila Armadillo protein is made constitutively active by introducing point mutations known to activate its human counterpart, β-catenin. Expression of these activated forms of Armadillo causes a late onset of apoptosis in the developing Drosophila eye. These effects are similar to those of overexpressing dTCF, and genetic interactions (Table I) indicate that they are mediated by endogenous dTCF. The disruptive effects of these conditions closely mimic those of dAPC mutations except that, since dAPC expression is restricted to neuronal cells, cell death in that case is confined to photoreceptors (Ahmed et al., 1998) . Therefore, in flies as in humans, the consequences of activated Armadillo/β-catenin are essentially equivalent to those caused by APC loss. Importantly, these new forms of activated Armadillo provide us with powerful tools for genetic screens which might identify ancillary signalling proteins conserved between humans and Drosophila. Table I ). 
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A precedent for an antagonistic effect between Wingless and EGFR signalling is found in the embryonic epidermis (O'Keefe et al., 1997; Szüts et al., 1997) . In this case, signalling by these pathways appears to be integrated at the level of a common target gene, svb (Payre et al., 1999) . Given that, in the eye disc, overexpression of dTCF causes the same delayed cell death as Arm*, and that the Arm* rough eye phenotype is suppressed by dTCF heterozygosity, this indicates that the antagonism between Arm* and EGFR signalling also occurs at the level of target gene transcription. As in the embryonic epidermis, antagonistic inputs from the two pathways could be integrated at a transcriptional enhancer of a common target gene. However, svb is not a good candidate in this case since it is not expressed in the eye (see Flybase, http://flybase.bio.indiana.edu/) and we have not found any genetic interaction between svb and Arm* (Table I) .
Although we have argued that the delayed apoptotic effect of Arm* is based primarily on dTCF-mediated transcription, there may also be a post-transcriptional contribution. This is suggested by our observation that Armadillo levels were only moderately elevated in larval eye discs overexpressing Arm*, but strongly increased in 40-48-h-old pupal discs that showed severely disrupted ommatidia (not shown). As was observed for Armadillo S10 (Pai et al., 1997) , both cytoplasmic and nuclear levels were increased simultaneously, indicating that both types of activating mutations cause stabilization of free protein rather than altering its relative distribution between cytoplasm and nucleus. However, since this increase in Armadillo level correlates in time with the onset of apoptosis, we cannot tell whether the accumulation is a cause or an effect of the putative transcriptional changes induced by Arm*.
Our most interesting observation was that, in contrast to other tissues where activated Armadillo has immediate effects (e.g. Pai et al., 1997; Payre et al., 1999; Yu et al., 1999) , Arm* was expressed for 2-4 days in eye disc cells before causing a detectable phenotype; onset of apoptosis occurred only at the midpupal stage (Figure 3 ). This delayed manifestation of the effects of Arm* could not have been inferred from the phenotype of dAPC mutants. Our results imply that this latency is a consequence of protection conferred by EGFR signalling. The EGFR has multiple functions in the developing eye, including a protective effect against cell death in normal development (Domínguez et al., 1998; Miller and Cagan, 1998) . Furthermore, a strong genetic interaction has been observed between the cell death-inducing factor Hid and Ras1 signalling in the eye, and the latter apparently promotes cell survival by downregulating Hid directly at the transcriptional and post-transcriptional level (Bergmann et al., 1998; Kurada and White, 1998) .
In contrast, we see no suppression of the Arm* rough eye phenotype by heterozygosity for the H99 deficiency, which uncovers Hid and two further cell-death-inducing factors (Table I ; see also Kurada and White, 1998) . This argues that the antagonism we observe between Arm* and EGFR signalling is specific, and distinct from the more general survival-promoting function of the receptor, which is mediated directly by Hid. In support of this, a large number of genes including dE2F, p53 and presenilins have been found to induce cell death when expressed in the larval eye disc (see Supplementary references); in all cases, the apoptosis occurs in the third instar disc, despite the fact that normal EGFR signalling is very active at this stage. In the case of dE2F, this early-onset apoptosis has been shown to be antagonized by EGFR signalling (Staehling-Hampton et al., 1999) , reflecting the ongoing survival-promoting role of the EGFR throughout disc development. The distinction between this and the phenomenon we report here is demonstrated by the fact that the rough eye phenotype caused by simultaneous overexpression of dE2F, dDP and p35 is not suppressed by dTCF or arm heterozygosity (see Methods). Also, there is no known requirement for arm in the larval disc (see Methods; and Boutros et al., 1998) . Taken together, these observations suggest that the dramatic EGFR-mediated delay of the Arm*-induced apoptotic phenotype is unique, and that the mechanism on which it is based is distinct from that employed by the receptor in generally promoting cell survival in the disc.
Our results are reminiscent of those of Gat et al. (1998) who found that activated β-catenin was tumorigenic only in certain specific regions of the mouse epidermis, despite being expressed throughout this cell layer. Similarly, stabilized β-catenin produced adenomas in a particular section of the crypt-villus axis of the mouse intestinal epithelium, again despite being expressed throughout this epithelium (Harada et al., 1999) . Therefore, a theme emerges of additional regulation of strongly oncogenic signalling by activated Armadillo/β-catenin. Bearing in mind possible differences between flies and mammals, the effects we see in the Drosophila eye may nevertheless provide a useful model for studying this regulation.
In conclusion, we have established a powerful genetic system for analysing the mechanism by which oncogenic forms of Armadillo/β-catenin disrupt normal cellular controls. Furthermore, we have provided evidence that EGFR/MAP kinase signalling effectively protects epithelial cells in the eye imaginal disc against activated Armadillo. More generally, our results imply that even strongly activated forms of Armadillo/β-catenin remain susceptible to restraint by other signalling pathways.
METHODS

Constructs and transformants.
The following base substitutions were introduced into a plasmid encoding full-length Armadillo with an artificial BamHI site upstream of the ATG codon (Riese et al., 1997) : codon 44 TCC→TAC (for S44Y; for Y lines) and codon 56 TCG→TTC (for S56F; for F lines). Mutant cDNAs were subcloned as 2.7 kb BamHI fragments into pGMR1 (Hay et al., 1994) cut with BglII. Nine transformant Y and F lines were isolated (host y w). These were categorized as strong (slit eyes; e.g. F36), moderate (oval eyes; e.g. lines F76, Y55) or weak (nearly round eyes; e.g. F32), based on the severity of their rough eye phenotype; the eyes of the latter two, but not of the former, were substantially narrowed in flies homozygous for the transposon.
Somatic clones mutant for arm XM19 and arm 25B were induced at 48-72 h of development, using standard FRT chromosomes. These clones, though narrow and preferentially found around the disc equator, were normal at the late third larval instar as well as in the adult eye. The mutant alleles and stocks used are described in FlyBase.
GMR.dE2FdDPp35 or GMR.p21 flies (Staehling-Hampton et al., 1999) were crossed to dTCF 2 , arm 4 , dAxin P and dAPC Q8 mutants (as described in Table I ), but no modification of the rough eye phenotype was found in any of these trans-heterozygotes.
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Histology. All techniques have been previously described. Scanning electron microscopy is described in Kimmel et al. (1990) . Antibodies, immunostaining and TUNEL labelling are described in Domínguez et al. (1998) , cobalt sulfide staining in Wolff and Ready (1991) .
Expression of Tor D EGFR (Reichman-Fried et al., 1994) , under the control of the sevenless enhancer and the hsp70 promoter, was achieved by 30 min 37°C heat shocks every 6 h throughout pupal life. Supplementary data. Supplementary data are available at EMBO reports Online.
